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ABSTRACT
We study the properties of the Sydney University Molonglo Sky Survey (SUMSS)
843 MHz radio AGN population in galaxy clusters from two large catalogs created
using the Dark Energy Survey (DES): ∼11,800 optically selected RM-Y3 and ∼1,000
X-ray selected MARD-Y3 clusters. We show that cluster radio loud AGN are highly
concentrated around cluster centers to z ∼ 1. We measure the halo occupation number
for cluster radio AGN above a threshold luminosity, finding that the number of radio
AGN per cluster increases with cluster halo mass as N ∝M1.2±0.1 (N ∝M0.68±0.34)
for the RM-Y3 (MARD-Y3) sample. Together, these results indicate that radio mode
feedback is favoured in more massive galaxy clusters. Using optical counterparts for
these sources, we demonstrate weak redshift evolution in the host broad band colors
and the radio luminosity at fixed host galaxy stellar mass. We use the redshift evolution
in radio luminosity to break the degeneracy between density and luminosity evolution
scenarios in the redshift trend of the radio AGN luminosity function (LF). The LF
exhibits a redshift trend of the form (1 + z)γ in density and luminosity, respectively,
of γD = 3.0± 0.4 and γP = 0.21± 0.15 in the RM-Y3 sample, and γD = 2.6± 0.7 and
γP = 0.31±0.15 in MARD-Y3. We discuss the physical drivers of radio mode feedback
in cluster AGN, and we use the cluster radio galaxy LF to estimate the average radio-
mode feedback energy as a function of cluster mass and redshift and compare it to the
core (< 0.1R500) X-ray radiative losses for clusters at z < 1.
Key words: galaxies: clusters: general; galaxies: active; galaxies: luminosity function,
mass function; submillimeter: galaxies; cosmology: observations
1 INTRODUCTION
A number of studies of low redshift clusters have shown that
local instabilities due to active galactic nuclei (AGN) out-
bursts reheat the intracluster medium (ICM) and regulate
the cooling in the cluster centre through radio-mode AGN
? nikhel.gupta@unimelb.edu.au
feedback (e.g. McNamara et al. 2005; Rafferty et al. 2006;
Blanton et al. 2010; Ogrean et al. 2010; Ehlert et al. 2011;
Bˆırzan et al. 2012; Gitti et al. 2012; Bharadwaj et al. 2014;
Voit et al. 2015; Gaspari et al. 2020). There is some evidence
of the evolution of AGN feedback in massive field galaxies
up to z ∼ 1.3 (Simpson et al. 2013), suggesting that the
balance between radiative cooling and AGN feedback was
achieved in the early universe. However, the evolution of
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AGN feedback in galaxy clusters with redshift and mass is
not well studied. Hlavacek-Larrondo et al. (2013) studied
X-ray AGN emission in brightest cluster galaxies (BCGs)
up to z=0.6, showing that the typical nuclear AGN X-ray
luminosity increases by a factor of 10, mostly due to an in-
crease in the fraction of BCGs hosting X-ray AGN between
z = 0.1 and z = 0.6. Bˆırzan et al. (2017) studied 21 Sunyaev-
Zel’dovich Effect (SZE; Sunyaev & Zel’dovich 1972) selected
clusters with 0.3 < z < 1.3 and found higher radio lumi-
nosity as compared to X-ray luminosity at higher redshifts
(z > 0.6), presumably due to increased merging activity of
galaxy clusters that may trigger the radio mode feedback.
Yang et al. (2018) compiled an X-ray luminous BCG sample
in the redshift ranges 0.2 < z < 0.3 and 0.55 < z < 0.75,
and contrastingly found no evidence for evolution. These re-
sults should however be considered as preliminary, because
the BCG sample is simply collected from all publicly avail-
able observations of clusters and groups, and so the sample
selection is not well understood.
Previous studies of cluster radio sources have either not
considered the redshift trends in the cluster radio source
properties (e.g. Lin & Mohr 2007; Lin et al. 2009; Sehgal
et al. 2010; Lin et al. 2015) or have shown contrasting trends
(e.g. Sommer et al. 2011; Bˆırzan et al. 2017; Lin et al. 2017;
Gupta et al. 2017, hereafter G17) due to statistical limita-
tions of galaxy cluster samples extending to higher redshift.
Moreover, given the relatively featureless shape of the radio
galaxy luminosity function (LF, for e.g. G17), it is typically
not possible to differentiate a change in number density from
a change in the typical AGN luminosity (so-called luminos-
ity evolution). Typically, the reported redshift trends in the
properties of cluster radio sources have been presented as ei-
ther pure density or pure luminosity evolution (e.g. Sommer
et al. (2011)).
In this paper, we present the redshift and mass trends
of the properties of cluster radio sources. The sources we
consider come from the 843 MHz Sydney University Mo-
longlo Sky Survey (SUMSS; Bock et al. 1999; Mauch et al.
2003; Murphy et al. 2007) radio source catalog, and at the
distances where we study these sources they correspond to
high radio luminosity objects that are dominated by AGN
synchrotron emission. We study the cluster radio AGN to
measure their spatial distribution in clusters, the halo occu-
pation number (HON) or characteristic number within the
cluster virial region, the radio luminosity evolution at fixed
stellar mass and the luminosity functions. This study uses a
large ensemble of optically and X-ray selected galaxy clus-
ters that have been constructed using the first three years
of data from the Dark Energy Survey (DES-Y3; see Ab-
bott et al. 2018, for discussion of the data release) and the
ROSAT All Sky Survey 2RXS faint source catalog (RASS;
Boller et al. 2016).
Our study primarily employs statistical background
subtraction to correct for those radio AGN that are not
physically associated with the clusters. However, we also
use DES-Y3 survey data to identify the optical counter-
parts of cluster radio AGN and to directly select those AGN
whose redshifts are consistent with the cluster redshifts.
This also allows us to perform Spectral Energy Distribu-
tion (SED) analyses of these radio source counterparts to
obtain constraints on the stellar mass and spectral type of
these sources. This information then allows us to probe the
relationship between stellar mass and radio luminosity for
radio AGN, which provides direct constraints on the redshift
evolution of cluster radio AGN. We use this information to-
gether with the LF to jointly constrain number density and
luminosity evolution for the cluster radio AGN population.
With measurements of the radio AGN LF and its depen-
dence on cluster mass and redshift, we then estimate mass
and redshift trends in the radio mode feedback and its rela-
tionship to the X-ray radiative losses within cluster cores.
The plan of the paper is as follows: In Section 2, we
discuss the observations and the data used in this work. We
describe the SED analysis and the cross-matching of radio to
optical sources in Section 2.4. Section 3 is dedicated to the
studies of surface density profiles, luminosity evolution, halo
occupation numbers and LFs. Section 4 contains a discus-
sion of the implications of our measured mass and redshift
trends for the physical drivers of radio mode feedback and
the balance of AGN feedback and X-ray radiative losses in
the cluster cores. We summarize our results in Section 5.
Throughout this paper we assume a flat ΛCDM cosmology
with matter density parameter ΩM = 0.3 and Hubble con-
stant H0 = 70 km s
−1 Mpc−1. We take the normalization
of the matter power spectrum to be σ8 = 0.83.
2 DATA
We study the overdensity of radio point sources toward
X-ray and optically selected galaxy clusters selected using
RASS and DES-Y3 observations. We focus on high luminos-
ity radio AGN log [P/(W Hz−1)]> 23 that are selected from
the SUMSS catalog observed at 843 MHz. A part of our
analysis is supported through the identification of the opti-
cal counterparts of these sources using the DES-Y3 obser-
vations (see Section 3.2), but the rest of our results employ
statistical background subtraction.
2.1 SUMSS catalog
The Sydney University Molonglo Sky Survey (SUMSS; Bock
et al. 1999; Mauch et al. 2003; Murphy et al. 2007) imaged
the southern radio sky at 843 MHz with a characteristic an-
gular resolution of ∼ 45′′ using the Molonglo Observatory
Synthesis Telescope (MOST, Mills 1981; Robertson 1991).
The survey was completed in early 2007 and covers 8,100
deg2 of sky with δ≤−30◦ and |b|≥10◦. The catalog contains
210,412 radio sources to a limiting peak brightness of 6 mJy
beam−1 at δ≤−50◦ and 10 mJy beam−1 at δ>−50◦. At
the SUMSS selection frequency, we expect nearly all sources
above the flux selection threshold to be synchrotron dom-
inated (de Zotti et al. 2005). The positional uncertainties
given in the catalogue are a combination of fitting uncer-
tainties and calibration uncertainties of the MOST and for
sources with peak brightness A843 ≥20 mJy beam−1, the
accuracy is in the range 1′′ to 2′′ (see section 5.1 of Murphy
et al. 2007). The flux measurements are accurate to within
3 percent. The catalog is complete to 8 mJy at δ≤−50◦
and to 18 mJy at δ>−50◦, and we restrict our analysis to
these complete subsamples. At the SUMSS frequency, ap-
proximately 10 percent of the sources exhibit extent along
one axis (Mauch et al. 2003).
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Figure 1. Distribution of RM-Y3 and MARD-Y3 galaxy clusters
as a function of redshift (upper panel) and mass (lower panel).
Red bars show optically selected RM-Y3 clusters with median
mass and redshift of 1.52× 1014 M and 0.47, respectively. Blue
bars show X-ray selected MARD-Y3 clusters with median mass
and redshift of 5.06× 1014 M and 0.28, respectively. The color-
coded vertical axes labels on the left and right sides of the plots
represent the number of clusters in the RM-Y3 and MARD-Y3
catalogs, respectively.
2.2 DES-Y3 data
We make use of the DES Y3 GOLD-release multiwalength
catalog in its version 2.2, which covers ∼ 5000 deg2 of
the southern celestial hemisphere and has about 60 per-
cent overlap (∼ 3000 deg2) with the SUMSS survey. The
GOLD catalog is intended to be the basis for cosmology
analyses with the Dark Energy Survey data. The GOLD
catalog consists of a validated object catalog with a set of
quality control flags and additional auxiliary data such as
photometric redshift information based both on neural net-
works and Bayesian template fitting. Specifically, for each
object in the DES catalog we make use of total magnitudes
with relative uncertainties (MAG AUTO from SExtractor;
Bertin & Arnouts 1996) in the grizy bands and DES derived
photometric redshifts (DNF MEAN) alongside further in-
formation present in the catalog such as that derived from
SPREAD MODEL, which allows for object star–galaxy clas-
sification (Desai et al. 2012), flagging of bad areas or band
specific photometric measurement issues (for additional de-
tails on the catalogs, see discussion in Morganson et al. 2018;
Abbott et al. 2018).
2.3 Galaxy Cluster Catalogs
For this analysis we adopt the RM-Y3 catalog of 19,795 opti-
cally selected clusters and the MARD-Y3 catalog of 2,171 X-
ray selected clusters. The two cluster samples are described
briefly in the following subsections.
2.3.1 Optically selected RM-Y3 catalog
We use optically selected galaxy clusters identified with the
red-sequence Matched-filter Probabilistic Percolation algo-
rithm (redMaPPer; Rykoff et al. 2014) from the Dark En-
ergy Survey first three years of data (RM-Y3). As the name
suggests, redMaPPer (RM) can be used to identify clusters
as over-densities of red-sequence galaxies. Precisely, the al-
gorithm estimates the probability (Pmem) of a red galaxy to
be a cluster member given as
Pmem =
λu(x)
λu(x) + bgal
, (1)
where x is a vector that describes the observable properties
of a galaxy (e.g., multiple galaxy colors, i-band magnitude,
and position), u(x) is the density profile of cluster normal-
ized to unity, bgal is the density of background galaxies and
the richness (λ) is estimated by summing up the member-
ship probabilities of galaxies in the cluster region satisfying
the constraint equation. RM has been shown to provide ex-
cellent photometric redshifts as well as richness estimates.
For instance, the catalogs have been shown to have high
completeness and purity (Rozo & Rykoff 2014; Rozo et al.
2014a,b) when the RM algorithm is applied to the Sloan Dig-
ital Sky Survey (SDSS) Stripe 82 data (Annis et al. 2014),
to the eighth SDSS data release (DR8 Aihara et al. 2011)
and to the DES-Y1 and science verification (DES-SV) data
(Rykoff et al. 2016; Soergel et al. 2016).
The RM-Y3 catalog (Rykoff et al., in prep) adopts a
brighter luminosity threshold of 0.4 L∗ rather than the min-
imum scatter luminosity threshold of 0.2 L∗ (Rykoff et al.
2012) to get a clean sample of clusters above a richness
threshold. The center of the cluster is taken to be the
position of the brightest cluster galaxy (BCG). There are
19,795 galaxy clusters with λ ≥ 20 in the redshift range of
0.1≤ z ≤0.8 with a median redshift of 0.47.
To estimate masses from the measured richnesses, we
adopt an externally calibrated λ–mass relation. As discussed
elsewhere (e.g. Capasso et al. 2019b), the λ–mass relation for
SZE (Saro et al. 2015) and X-ray (Capasso et al. 2019b) se-
lected cluster samples differs from that of optically selected
RM clusters (McClintock et al. 2019). The SZE analysis re-
lies on SPT derived cluster masses, which have been shown
to be consistent with those derived through weak lensing
analyses (Dietrich et al. 2019; Stern et al. 2019; Bocquet
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et al. 2019). The X-ray analysis relies on masses derived
through a dynamical analysis whose systematics have been
studied with simulations (Mamon et al. 2013) and through
cross-comparisons of weak lensing and dynamical masses
(Capasso et al. 2019a). One clear difference is that the RM
sample analysis relies on stacked weak lensing information,
measuring the mean mass within bins of richness and red-
shift, whereas the other studies mentioned infer the underly-
ing mass-observable relation using scatter in the observable
at fixed mass and applying corrections for the Eddington
bias. However, the scale of the Eddington bias correction is
too small to explain the differences, and thus it may be that
the differences are driven by residual contamination in the
optically selected RM sample that is not present in the SZE
and X-ray selected samples.
Further study is warranted, but because we are em-
ploying an optically selected RM sample to study the radio
galaxy population, we adopt the McClintock et al. (2019)
calibration here when computing cluster masses,
M200m = Aλ
(
λ
λP
)Bλ ( 1 + z
1 + zP
)γλ
, (2)
with Aλ = (3.08±0.15)×1014, Bλ = 1.356±0.052 and γλ =
−0.30± 0.31. The pivot richness (λP) and redshift (zP) are
given as 40 and 0.35, respectively. We further correct from
M200m to M200c using a model of the concentration-mass
relation (Diemer & Kravtsov 2015), where M200m and M200c
are defined as the masses of the cluster within a sphere where
the mean density is 200 times the mean and the critical
density of the Universe, respectively.
For the RM-Y3 sample, we find that M200c is in the
range of 9.61× 1013 to 2.62× 1015 M with a median value
of 1.52× 1014 M. There are ∼11,800 clusters within 0.1 <
z < 0.8 in the SUMSS region. Fig. 1 shows the mass and
redshift distributions of the clusters.
2.3.2 X-ray selected MARD-Y3 catalog
We use the X-ray selected RASS cluster catalog confirmed
and de-contaminated with the multi-component matched
filter (MCMF) applied to DES-Y3 data to compare with
radio source properties in RM-Y3 clusters. This X-ray se-
lected cluster catalog (MARD-Y3; Klein et al. 2019) contains
galaxy clusters confirmed using a multi-component matched
filter (Klein et al. 2018, MCMF) follow up in 5,000 deg2 of
the DES-Y3 optical data of the ∼ 20, 000 sources from the
second ROSAT All-Sky Survey source catalog (2RXS) pre-
sented in Boller et al. (2016). The MCMF tool is designed for
use on large scale imaging surveys such as the DES to do au-
tomated confirmation, redshift estimation and suppression
of random superpositions of X-ray/ SZE cluster candidates
and physically unassociated optical systems. MCMF is used
to identify optical counterparts as peaks in galaxy richness
as a function of redshift along the line of sight toward each
2RXS source within a search region informed by an X-ray
prior. All peaks are assigned a probability fcont of being a
random superposition and fcont is extracted from the galaxy
richness distributions along large numbers of random lines
of sight. In this work, we present radio properties using a
catalog with fcont < 0.2 containing 2,171 galaxy clusters.
The catalog covers a redshift range of 0.02 < z < 1.1 with
more than 100 clusters at z > 0.5, and it has residual con-
tamination of 9.6 percent.
The X-ray luminosity of clusters in the catalog is esti-
mated from the source count rate in the 0.1-2.4 keV band
within a 5′ aperture radius around each 2RXS source. This
simplified luminosity LX has been shown to be simply re-
lated to L500c, the luminosity within a radius within which
the mean density is 500 times the critical density of the
universe at the assumed cluster redshift (Klein et al. 2019).
The mass in the catalog is derived using the estimated lu-
minosity at that redshift and an LX–mass scaling relation
from the analysis of Bulbul et al. (2019), which uses SZE
based mass constraints from the cosmological analysis of the
SPT-SZ cluster sample (de Haan et al. 2016) together with
deep XMM-Newton observations of a subset of those clusters
to consistently derive multiple observable to mass relations.
These SPT-SZ masses have since been shown to be consis-
tent with weak lensing (Dietrich et al. 2019; Stern et al.
2019; Bocquet et al. 2019) and dynamical masses (Capasso
et al. 2019a). The scaling relation has the following form
LX = AX
(
M500c
Mpiv
)BX ( E(z)
E(zpiv)
)(
1 + z
1 + zpiv
)γX
. (3)
Here, AX, BX and γX are the parameters with best fit values
of 4.15+1.10−0.81 × 1044 erg s−1, 1.91+0.18−0.15 and 0.20+0.41−0.43, respec-
tively (Bulbul et al. 2019, table 5 solution II for LX,cin).
The pivot mass Mpiv and redshift zpiv are 6.35 × 1014 M
and 0.45, respectively. The function E(z) ≡ H(z)/H0
which gives the ratio between the Hubble parameter and
its present-day value, and M500c is defined as the mass of
the cluster within a sphere where the mean density is 500
times the critical density of the Universe. We account for Ed-
dington bias following the description in Mortonson et al.
(2011) and using log-normal scatter in the LX-mass rela-
tion σln X = 0.25
+0.08
−0.13 (Bulbul et al. 2019). Further, we
correct from M500c to M200c again using a model of the
concentration-mass relation (Diemer & Kravtsov 2015).
The median mass and redshift of the MARD-Y3 sample
are 5.06× 1014 M and 0.28, respectively, and the distribu-
tions are shown in Fig 1. A mass versus redshift plot for the
MARD-Y3 sample is presented in Klein et al. (2019, figure
9 grey and black circles). Approximately 1,000 MARD-Y3
clusters between 0.1 < z < 0.8 lie within the SUMSS region
and are used for this analysis. This sample is significantly
smaller than the RM-Y3 sample, however, the unique mass
and redshift range as well as the selection of MARD-Y3 sam-
ple in X-ray band provides an interesting complement to the
RM-Y3 sample.
The cluster centers in the MARD-Y3 catalog are iden-
tified from optical data (see section 3.9; Klein et al. 2019)
as the position of the rBCG, the brightest galaxy within
1.5 Mpc of the X–ray centroid that has all colors within 3-σ
of red sequence at the redshift of cluster, as long as that po-
sition is within 1′ of the peak of the red galaxy distribution
of the cluster. If the rBCG is too offset from the red galaxy
population, the cluster center is defined to be that of the red
galaxy population.
2.4 Optical counterpart identification
Our core analysis focuses on the statistical overdensity of
radio AGN toward galaxy clusters to constrain the proper-
MNRAS 000, 000–000 (0000)
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Figure 2. The surface number density of DES galaxies (left) as a function of the offset from SUMSS radio AGN (solid lines) for different
stellar mass ranges. The peak at small offset is produced by physically associated sources, and the decline to a flatter distribution at
larger radius is caused by physically unassociated sources. Dotted lines show the level of the flat surface density from non–physical cross-
matches for the different stellar mass bins. These surface densities are used to estimate contamination and completeness as a function of
stellar mass for the cross–matched sample. High mass galaxies are much more likely to be physical counterparts of the radio AGN (see
Section 2.4). Comparison between redMaPPer cluster redshifts and the photometric redshifts of SUMSS counterparts of DES galaxies
used in this work (right). The solid red line is the bisector, while the dotted lines show the 2% (±1σ) and 6% (±3σ) bands. These latter
values are estimated as the normalized median absolute deviation (NMAD) of the |∆z|/(1 + z) distribution. Optical counterparts (green
points) are assigned to the cluster if their DES photo-z deviates from that of the cluster by less than ∆zphot = 0.06(1 + z), i.e., three
times the NMAD.
ties of cluster radio AGN. However, this analysis is comple-
mented by an analysis of a subset of radio AGN whose opti-
cal counterparts we have identified in the DES-Y3 dataset.
Here we describe the counterpart identification and stellar
mass estimation needed to undertake that analysis.
A complete description of the derivation and accuracy
of galaxy stellar masses as well as the cross-matching tech-
nique used to uniquely associate a DES counterpart to each
SUMSS radio source will be provided in a forthcoming work
(Pannella et al., in prep.). Here, we briefly summarize the
main steps of our procedure: 1) for each radio source above
the nominal SUMSS survey completeness limit in radio flux
density, we select all DES catalog entries lying within 20′′; 2)
the catalog of plausible DES counterparts is trimmed down
by applying a cut in imag < 23 AB magnitudes, and by
removing unresolved sources from the catalog by imposing
that the EXTEND CLASS flag is greater than 0, and, fi-
nally, by removing all galaxies for which the DES photo-
metric redshift was not constrained.
We derive stellar masses for all the objects in our sample
with fastpp1 (a C++ version of the SED fitting code FAST;
Kriek et al. 2009) on the grizY total magnitudes. We use
Bruzual & Charlot (2003) with delayed exponentially declin-
ing star formation histories (SFHs, ψ(t) ∝ t
τ2
exp(−t/τ))
with 0.01< τ <10 Gyr, solar metallicities (Z = 0.02),
the Salpeter initial mass function (Salpeter 1955), and the
1 Publicly available at https:// github.com/cschreib/fastpp
Calzetti et al. (2000) reddening law with a range of extinc-
tion AV up to 4 magnitudes.
We then examine the surface density on the sky of DES
sources as a function of their distance from the SUMSS ra-
dio AGN for different bins of stellar mass. This is shown in
the left panel of Fig. 2 with solid lines in six different col-
ors, corresponding to different ranges of stellar mass. These
surface density profiles exhibit a peak at small separation,
which corresponds to actual physical counterparts dropping
away to a flat surface density that corresponds to a region
dominated by physically unassociated galaxies projected at
random near the radio AGN. It is evident that for higher
stellar mass the central peak has a higher contrast with re-
spect to the flat background, which is an indication that for
these stellar mass ranges a larger fraction of galaxies cor-
respond to physical counterparts of the radio AGN. This
is not surprising, because AGN powered radio sources are
typically hosted by passive, massive and bulge-dominated
galaxies (Best et al. 2007; Lin & Mohr 2007; Kauffmann
et al. 2008; Lin et al. 2010; Best & Heckman 2012).
By fitting for the level of the flat surface density from
random (i.e., non–physical) cross-matches (see dotted lines
in the left panel of Fig. 2), we can then estimate for any
given matching radius the resulting contamination of the
sample. In addition, we can integrate over the portion of the
central peak extending beyond the matching radius to esti-
mate the incompleteness within each mass bin for a given
matching radius. For the purposes of this analysis, we adopt
a simple matching criteria that produces a sample with no
MNRAS 000, 000–000 (0000)
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more than 15 percent contamination. Practically, this means
that we define the cross–matched host for each radio AGN
to be the nearest DES galaxy with i < 23.0 that has stel-
lar mass in one of the top two bins (logM∗ > 11.3 and
11.3 > logM∗ > 10.9), within a maximum offset distance of
10′′ or 6′′, respectively. Within the lower mass bins it is not
possible to define a sensible maximum offset distance where
the contamination is as low as 15 percent. The estimated
completeness of this cross–matched sample is ∼60 percent.
This host identification procedure produces a catalog of
24,998 unique associations of SUMSS detected radio AGN to
a DES galaxy host. In this work we specifically concentrate
on the 2,264 candidate cluster radio AGN that lie within
the radius θ200 of a RM-Y3 cluster. Among this latter sub-
sample, only 1,643 (73 percent) have photometric redshifts
that place them within a cluster (see the right panel of
Fig. 2). To assign cluster membership to the radio AGN,
we compare the DES photometric redshift (DNF MEAN)
of each source to the redshift of the RM-Y3 cluster. If a
source deviates from the cluster redshift by less than 3
times the normalized median absolute deviation (NMAD)
(δz = ∆z/(1 + z) = 0.02), we consider it to be a cluster
member and therefore a confirmed cluster radio AGN. We
do not carry out separate cross-matching in the MARD-Y3
sample, because the sample is an order of magnitude smaller
than the RM-Y3 sample.
3 CLUSTER RADIO AGN PROPERTIES
We present measurements of the radial distribution of AGN
around clusters in Section 3.1, and present new constraints
on the radio luminosity and color evolution of radio AGN
using the sample of matched optical counterparts in Sec-
tion 3.2. Leveraging these results, we then present the clus-
ter radio AGN luminosity function in Section 3.3 and the
halo occupation number in Section 3.4.
3.1 Radial distribution
We study the radial distribution of radio AGN in the cluster
θ200c region by stacking the flux limited and complete sam-
ples of radio AGN overlapping the RM-Y3 and MARD-Y3
samples. To do this we adopt the optical centers for both
samples, described in detail in separate references (Rykoff
et al. 2014; Klein et al. 2019).
Following G17, we use the projected NFW profile Σ(x)
(Navarro et al. 1997; Bartelmann 1996) as a fitting function
for the radial distribution. Here x = r/rs and rs = R200c/c,
where c is the concentration parameter and x is equivalent
to c for r = R200c. The total surface density of the radio
AGN (ΣT) as a function of x around the cluster has both
cluster and background components (ΣB) and is written as
ΣT(x) = Σ(x) + ΣB, (4)
and to reduce the covariance between the central amplitude
and concentration, we write this in terms of the total number
of galaxies in the cluster sample as
ΣNT(x) = ΣN(x) + ΣBA, (5)
where A is the solid angle of the annulus or bin and the total
number of background subtracted galaxies ΣN(x) = ΣN200
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Figure 3. The projected radial distribution of radio AGN ob-
served at 843 MHz around the centers of the optically selected
RM-Y3 (gray) and X-ray selected MARD-Y3 (blue) galaxy clus-
ters. The best fit projected NFW models are also shown as solid
lines in gray and blue with the model parameters listed in Table 1.
The fits are evaluated using much smaller bins (∼ 0.001 θ/θ200)
in comparison to the data points shown here, which use larger
bins to reduce Poisson noise for the figure. We also show the best
fit NFW models in three redshift bins using the RM-Y3 catalog
represented by dashed lines. We see a decrease in concentration of
radio sources in clusters with increasing redshift for both RM-Y3
and MARD-Y3 selected cluster samples (see Table 1).
for r = R200c. We fit our stacked distribution of radio AGN
to a model with three parameters: c, ΣN200 and ΣB (see
G17). We stack radio AGN out to 10 × θ200c to allow for a
good constraint on the effective background density ΣB. We
refer to ΣB as the effective background density, because our
stacks are constructed using sources down to the flux limit of
the SUMSS survey, and as described in Section 2.1 this flux
limit has two different values, depending on the declination
of the cluster.
In the fit we employ the Cash (1979) statistic
C =
∑
i
(
ΣNdT,i ln(ΣN
m
T,i)− ΣNmT,i − ΣNdT,i ln(ΣNdT,i)
+ΣNdT,i,
)
,
(6)
where ΣNmT,i is the total number of galaxies from the model
as in equation (5) and ΣNdT,i is the total number of galax-
ies in the observed data in the ith angular bin. We use
the Markov Chain Monte Carlo (MCMC) code, emcee (a
Python implementation of an affine invariant ensemble sam-
pler; Foreman-Mackey et al. 2013) to fit the model to the
data throughout this work. In the fitting we adopt a bin
size corresponding to θ200c/1000 and fit over the region ex-
tending to 10θ200c. The concentration parameter is sampled
in log space during the fit and the profile is centrally con-
centrated with c = 143+10−9 and 144
+30
−25 for the RM-Y3 and
MARD-Y3 cluster samples, respectively.
We use this model of the radial distribution of radio
AGN in the next section to correct the projected LF to the
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Table 1. Best fit projected NFW model parameters for the ra-
dial distribution of a complete sample of radio AGN observed
at 843 MHz in a stack of optically selected RM-Y3 and X-ray se-
lected MARD-Y3 galaxy clusters. The best fit parameters are also
shown for subsets of these clusters in three redshift bins where for
each we present concentration c, the estimate of the total number
of radio AGN within R200c in our sample ΣN200 and the effective
background surface density of radio AGN ΣB.
Cluster sample c ΣN200 ΣB [deg
−2]
RM-Y3 (all) 143+11−10 2198
+55
−53. 20.23± 0.05
0.1 < z < 0.25 203+35−29 553
+27
−26 20.33± 0.11
0.25 < z < 0.5 140+16−15 1068
+36
−37 20.00± 0.12
0.5 < z < 0.8 105+16−13 583
+27
−26 20.51± 0.20
MARD-Y3 (all) 144+30−25 425
+30
−29 19.89± 0.12
0.1 < z < 0.25 193+60−28 221
+18
−17 19.91± 0.15
0.25 < z < 0.5 120+40−28 160
+15
−14 19.62± 0.24
0.5 < z < 0.8 100+58−40 48
+08
−07 21.20± 0.68
LF within the cluster virial region defined by R200c (follow-
ing Lin et al. 2004). We measure the surface density profiles
by dividing RM-Y3 and MARD-Y3 catalogs in three red-
shift bins and see a clear tendency for higher concentration
at lower redshifts in both catalogs. The best fit NFW pa-
rameters are presented in Table 1. We use the flux limited
sample rather than a luminosity limited sample for this mea-
surement because of the larger number of available systems.
This does not affect the trends in concentration seen here.
We test the reliability of trends in concentration for mis-
centring in the RM-Y3 sample. We select clusters for which
the probability that each of the alternate cluster centres is
the correct centre Pcen > 0.95 (Rykoff et al. 2014). We find
that this sub-sample of clusters show similar concentration
trends with c = 250+40−35, 141
+21
−18 and 107
+18
−16 for low to high
redshift bin in Table 1.
High central concentrations of radio sources in galaxy
clusters have been observed in previous studies. Lin & Mohr
(2007) studied radial distribution of cluster radio AGN ob-
served at 1.4 GHz with P > 1023 W Hz−1 in a sample of X-
ray selected galaxy clusters with z < 0.2, finding c = 52+24−14.
G17 studied radial profiles of cluster radio AGN at 150 GHz
in the Meta-Catalog of X-ray detected Clusters of galax-
ies (MCXC) with median z = 0.1 and found c ∼ 100. The
results presented here indicate that centrally concentrated
cluster radio AGN are present over a broad range of cluster
mass M200c > 1× 1014 and out to redshift z ∼ 0.8.
In Fig. 3 we show the best fit surface density profiles and
data. To create these plots we combine many bins to reduce
the noise in the measured radial profiles. Following G17,
we normalize the vertical axes of this plot with the mean
number density of background sources (ΣB). Fig. 3 shows
that ΣB is a good estimation of the background number
density of the clusters, as ΣT/ΣB is consistent with 1 outside
the cluster.
3.2 Host properties of the cross–matched sample
In the RM-Y3 cluster sample there are 1,643 cluster ra-
dio AGN with identified optical counterparts. This cross–
matched sample has an estimated contamination of 15 per-
cent and an estimated completeness of 60 percent (see Sec-
tion 2.4). Of the 11,800 RM-Y3 clusters lying within the
SUMSS region, 1,579 (13 percent) host at least one con-
firmed cluster radio AGN associated with the cluster by
its redshift. The vast majority of these (95 percent) con-
tain a single cluster radio AGN, 87 contain two radio AGN,
one cluster contains three and one other contains four radio
AGN all consistent with their cluster redshift. Finally, 1,044
(63 percent) of the total sample of 1,643 cross–matched AGN
are projected to lie within 0.1r200, consistent with the cen-
trally concentrated radial profile for the statistically defined
complete sample in Section 3.1.
In the subsections below we describe the radio power
to stellar mass relation of this sample (Section 3.2.1) and
then examine the typical broad band colors as a function of
redshift (Section 3.2.2).
3.2.1 Radio luminosity evolution at fixed host mass
To constrain the evolution of the radio luminosity with
redshift at fixed stellar mass, we use the ensemble of
SUMSS sources with DES-Y3 counterparts. In particular,
we take the high luminosity sample of radio sources with
log [P/(W Hz−1)] > 25.3 in the whole redshift range of DES-
Y3 RM clusters, corresponding to 510 cluster radio AGN.
This choice of luminosity cut is justified in Fig. 4, where we
show the relation between the 843 MHz luminosity and the
redshift of radio AGN. Above this luminosity cut, we have a
sample of sources that can be studied over the full redshift
range of our cluster samples, whereas if we were to push to
lower radio luminosities we would only expect to find those
sources in our flux limited sample over a narrower range of
lower redshifts.
We fit a power law relation of the following form to
constrain a relation between 843 MHz radio power (P843MHz,
calculated using the redshift of each radio source) and the
stellar mass (M∗) of radio sources obtained from the SED
fitting analysis described in Section 2.4
P843MHz = 10
APM
(
M∗
M∗,piv
)BPM ( 1 + z
1 + zpiv
)γPM
, (7)
where M∗,piv = 3.7 × 1011 M and zpiv = 0.51 are the me-
dian stellar mass and redshift of the subsample. The best
fit parameters are APM = 25.51± 0.006, BPM = 0.01± 0.02
and γPM = 0.30 ± 0.15. Along with these parameters we
also vary the log normal scatter in radio luminosity at
fixed stellar mass in the relation, finding a best fit value
σlogP = 0.31± 0.01.
These results make it clear that, unlike X-ray AGN,
cluster high power radio AGN exhibit no correlation (BPM =
0.01± 0.02) between their radio luminosity and their stellar
mass (which is a predictor of the underlying supermassive
black hole mass) at all redshifts probed by our sample. This
characteristic of radio mode feedback has previously been
noted (Best et al. 2007; Lin & Mohr 2007).
The relation has a scatter of ∆ log10 P = 0.31 ± 0.01,
and the population we are studying exhibits a weak trend
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Figure 4. Luminosity distribution of SUMSS sources (left) observed at 843 MHz as a function of redshift. The redshifts are obtained by
cross matching SUMSS with the DES-Y3 catalogs. The black points show radio sources inside θ200 of RM clusters, the red squares show
instead the radio sources identified as cluster members. The vertical dotted lines represent the three redshift bins used in this work, while
the solid horizontal lines show the luminosity completeness levels at different redshifts. Distribution of SUMSS detected cluster members
(right) in radio luminosity and stellar mass, color coded by redshift (redshift ranges labeled). Empty squares show median luminosities
in bins of stellar mass and redshift over a luminosity range where completeness is assured at all redshifts, log P843MHz > 25.3, see left
panel. Our results are consistent with a modest increase in the luminosity of cluster radio AGN at fixed stellar mass over the explored
redshift range (see Section 3.2.1).
for the radio luminosity at fixed stellar mass to increase with
redshift γPM = 0.30±0.15. Along with this weak luminosity
evolution with redshift, it has been noted that the mechan-
ical feedback in comparison to the radio luminosity is also
approximately constant with redshift to z ∼ 0.6 (Hlavacek-
Larrondo et al. 2012). This provides an indication that indi-
vidual radio galaxies are only moderately more radio lumi-
nous at high redshift and that the feedback events driving
radio emission and radio mode feedback are not changing
dramatically with redshift. We will use this new constraint
on cluster radio AGN evolution to disentangle density evo-
lution and luminosity evolution in the cluster radio AGN
luminosity function in Section 3.3.
3.2.2 SED evolution
Broad band colors constrain the SED of the cluster radio
AGN hosts and provide insights into the presence of ongoing
star formation or optical AGN emission. In Fig. 5 we plot
the broad band color offsets of the radio AGN hosts from the
mean red sequence (RS) color as a function of redshift. The
RS colors are defined using a sample of ∼103 clusters with
spectroscopic redshifts studied within DES as part of the
calibration of an optical counterpart and redshift estimation
code called MCMF (Klein et al. 2018, 2019). Because the
RS color model makes use of single object fitting (SOF)
magnitudes present in the DES catalog (see Klein et al. 2019
and references therein for more details), for this purpose we
use the SOF magnitudes for the SUMSS source counterparts.
It is apparent that the hosts of radio AGN tend to have
integrated colors very close to the RS at all redshifts. This
is consistent with the established picture that radio AGN
Figure 5. Broad band color offsets from the red sequence as a
function of redshift for the cross–matched hosts of the SUMSS
cluster radio AGN. At all redshifts the host population has colors
very similar to typical red sequence galaxies. Furthermore, there
is no obvious evidence for an evolution of median rest-frame col-
ors with redshift (see discussion in Section 3.2.2). Overplotted as
boxes are the median color offsets of the hosts within redshift
bins.
are mostly hosted in massive galaxies with very little or no
ongoing star formation over the explored redshift range.
The redshift evolution of observed colors does not sug-
gest any clear change in the stellar population properties
of the host galaxies over time. When comparing rest-frame
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Table 2. The best fit LF parameters for different samples of
cluster radio AGN. γD and γP are defined as the density and
luminosity redshift evolution parameters, respectively. The joint
constraints on γD and γP are obtained when a Gaussian prior on
γP is adopted from the best fit redshift evolution of the stellar
mass - luminosity relation.
y x γD γP
RM-Y3
25.82± 0.04 26.56± 0.06 3.16± 0.43 −
25.82± 0.04 26.56± 0.06 − 3.16± 0.42
25.75± 0.04 26.40± 0.06 3.00± 0.42 0.21± 0.15
MARD-Y3
25.83± 0.12 26.86± 0.14 2.60± 0.71 −
25.82± 0.12 26.84± 0.14 − 2.62± 0.70
25.74± 0.11 26.70± 0.15 2.05± 0.66 0.31± 0.15
properties, e.g., the g-r at z∼0.4 and the r-i at z∼0.7— both
approximately tracing the rest-frame U -B color— one finds
only a weak (≈-0.03 mag) signature for color evolution that
is very likely driven by the intrinsic uncertainties and scatter
of the RS model itself. The notably higher scatter in g-r be-
yond z ∼ 0.4 and in r-i beyond z ∼ 0.6, while reflecting both
higher measurement uncertainties and that these bands are
tracing rest frame portions of the SED that are most sen-
sitive to recent star formation, could be an indication that
a minority population of “bluer” hosts are actually entering
the cross-matched sample.
In summary, our analysis does not suggest any ma-
jor shift happening as a function of redshift in the stellar
population properties of the radio loud AGN host galaxies
out to z ∼ 0.8. This places limits on the suggested transi-
tion in the cluster radio AGN from a Low Excitation Ra-
dio Galaxy (LERG) dominated to a High Excitation Ra-
dio Galaxy (HERG) dominated population (Bˆırzan et al.
2017). A direct classification as HERG or LERG would re-
quire spectra, which are currently not available for signifi-
cant numbers of the AGN hosts we study here.
3.3 Luminosity function
We construct radio LFs by counting the excess of radio AGN
toward RM-Y3 and MARD-Y3 galaxy clusters to study their
evolution to z ∼ 1. In addition, we construct the LF from the
cross–matched sample for the purpose of cross-comparison
with the LF of the complete sample. In all cases we apply the
redshift dependent k-correction with a spectral index of -0.7
to estimate the luminosity at the same rest frame frequency
for all redshifts.
In the following subsections we describe the LF con-
struction in detail (Sections 3.3.1 and 3.3.2), present the
modeling (Section 3.3.3) and best fit parameters (Sec-
tion 3.3.4), compare the LF of the complete sample with
that of the cross–matched sample (Section 3.3.5) and then
finally discuss how our results compare to those from previ-
ous studies (Section 3.3.6).
3.3.1 Statistical LF construction
This adopted method to construct cluster galaxy LFs using
statistical background subtraction is described in detail in
previous works (Lin et al. 2004; Lin & Mohr 2007, G17).
Briefly, we adopt the cluster redshift to estimate the ra-
dio source luminosities for individual sources that lie within
an angular distance θ200c of the cluster center. We combine
the point sources lying within θ200c of all clusters in loga-
rithmic luminosity bins. This then produces a combination
of the luminosity function of the true cluster radio AGN
together with the contamination from foreground or back-
ground radio AGN that are randomly superposed on the
cluster. We then build a model of the contamination using
the logN − logS extracted for the full SUMSS population,
cycling through the cluster list using the cluster redshift to
transform from radio source flux density to luminosity and
scaling by the associated solid angle of the virial region for
each cluster. For the reasons discussed in G17, we then sub-
tract the contamination model and divide the resulting LFs
by the sum of the virial masses of the clusters that contribute
to each of the luminosity bins. In doing this we are normal-
izing the LF in units of M−1 , which is a convenient proxy
for volume in the case of collapsed objects like clusters and
groups. In Section 3.4 we study the halo occupation number
or HON of radio AGN using the LF redshift evolution de-
rived here and show that the number of radio galaxies scales
approximately linearly with the cluster halo mass.
For the RM-Y3 catalog there are 3601 (1449, 2152) total
(background, background subtracted) radio AGN observed
above the previously discussed flux limits. In the MARD-Y3
case the corresponding numbers are 910 (455, 455). The to-
tal number of AGN in the RM-Y3 cluster sample allow us
to estimate the incompleteness in the cross–matched sam-
ple, and this indicates that the ∼ 60 percent completeness
estimated from the surface density profiles for our matching
criteria is reasonably accurate (see Section 2.4).
We validate our LF construction code and our method
by analyzing simulated samples that are 10 times the size
of our radio source catalogs and that are created using the
best fit LFs reported in Table 2 (for density evolution). We
recover the input parameters to within the statistical uncer-
tainties.
3.3.2 Construction of LF for cross–matched sample
Although the cross–matched sample is estimated to be only
≤ 60 percent complete and to have contamination of 15 per-
cent, we nevertheless construct the LF to allow for com-
parison to the statistically derived LF. For this purpose,
we use the subset of SUMSS sources with identified optical
counterparts whose redshifts and sky locations place them
within a RM-Y3 cluster (as noted earlier, we do not do cross–
matching for the radio AGN in the much smaller MARD-Y3
cluster sample). In this case we adopt the cluster redshift for
all SUMSS sources from that cluster, convert from flux to
luminosity and build up a vector in logarithmic luminosity
space that contains the sum of all identified sources. We di-
vide this vector by the sum of the virial masses of all the
clusters that could have contributed to each luminosity bin
(whether they actually contain a radio AGN or not), using
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10 N. Gupta, M. Pannella, J. J. Mohr, et al.
22 23 24 25 26 27 28
10−20
10−19
10−18
10−17
10−16
10−15
10−14
10−13
d
n
/d
lo
gP
[M
−1 ¯
]
RM-Y3
Gupta+17
0.1<z<0.25
0.25<z<0.5
0.5<z<0.78
22 23 24 25 26 27 28
log[P/(W Hz−1)]
0
1
2
3
4
5
R
at
io
22 23 24 25 26 27 28
10−20
10−19
10−18
10−17
10−16
10−15
10−14
10−13
d
n
/d
lo
gP
[M
−1 ¯
]
MARD-Y3
Gupta+17
0.1<z<0.4
0.4<z<1.
22 23 24 25 26 27 28
log[P/(W Hz−1)]
0
1
2
3
4
5
R
at
io
Figure 6. SUMSS based 843 MHz cluster radio AGN LFs observed from RM-Y3 (left) and MARD-Y3 (right) catalogs. Upper panels
show the LFs obtained using the statistical background subtraction algorithm described in Section 3.3.1. The Poisson uncertainties are
represented by error bars. The datasets are fitted with the LF model by varying y, x and γ (density and luminosity evolution) parameters
as discussed in Section 3.3.3. Different lines indicate the best fit model LFs (see Table 2). For convenience, the luminosity bins containing
negative values in the background subtracted counts are represented as points at the bottom of the figure. Pink points and line represent
the best fit model and model uncertainties from G17. Lower panels show the ratio between the measurements and the best fit model
for the lowest redshift bin in this work. While fitting we divide the cluster samples into 15 redshift bins, but for this figure we show the
results in only two or three redshift bins to reduce the Poisson noise.
the minimum luminosity probed by the cluster given the
SUMSS flux limit and the cluster redshift.
This method is attractive in that there is no need to
subtract off contamination from randomly superposed ra-
dio AGN. This reduces the Poisson noise in the final LF
and is helpful in better defining the behavior of the rare,
most luminous radio AGN. However, given the incomplete-
ness and contamination in the cross–matched sample, we
do not expect perfect agreement with the estimates of the
LF extracted statistically using the method described in the
previous section. Comparisons are presented in Section 3.3.5
below.
3.3.3 LF modeling
We fit our LFs using the functional form from Condon et al.
(2002), given as
log
(
dn
d logP
)
= y−
[
b2 +
(
logP − x
w
)2]1/2
−1.5 logP, (8)
where the parameters b, x and w, control the shape of the
LF and y is its amplitude.
Assuming that the overall shape of the LFs remains con-
stant, the only changes can be in the density and luminosity
of the sources (Machalski & Godlowski 2000). The density
evolution corresponds to a vertical shift in the LFs and can
be quantified as
dn(z)
d logP
=
dn(z = zC)
d logP
×
(
1 + z
1 + zC
)γD
, (9)
similarly, the luminosity evolution corresponds to a horizon-
tal shift in the LFs because of the evolving luminosities of
the sources
P (z) = P (z = zC)×
(
1 + z
1 + zC
)γP
, (10)
where zC = 0.47 corresponds to the median redshift of the
RM-Y3 cluster sample and for comparison we take the same
zC for the MARD-Y3 cluster sample. γD and γP correspond
to the power law index for density and luminosity evolution,
respectively, of the LFs.
We again perform an MCMC analysis with the Cash
statistic to fit the LFs. Following G17, we fit for the AGN
part of the LF, fix the values of the two shape parameters
b and w to those determined in Condon et al. (2002) and
vary x and y along with the density or luminosity evolution
power law index. As reported in a previous study using X-
ray selected clusters (G17), we find consistent results when
b and w are fixed to either Condon et al. (2002) or Best &
Heckman (2012) best fit values. We evaluate the likelihood
of a given model by scaling the LF model with the total
cluster mass contributing to each luminosity bin and then
adding the statistically determined background number of
galaxies to the corresponding luminosity bin.
We correct our LF amplitudes by scaling them with a
deprojection factor (Dprj) that accounts for the cylindrical
to spherical projection bias of radio AGN. This correction
is very small because the radio AGN in clusters have a high
NFW concentration; we find Dprj ∼ 0.92.
3.3.4 Best fit LF parameters and uncertainties
LFs for the full sample constructed statistically (Sec-
tion 3.3.1) are shown in the upper panels of Fig. 6 for RM-
Y3 (left) and MARD-Y3 (right) catalogs. We choose all
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Figure 7. Joint LF parameter posterior distributions for a com-
bined density (γD) and luminosity (γP) evolution fit to the ra-
dio AGN LFs (RM-Y3 in blue; MARD-Y3 in green). Parameter
values are reported in Table 2. For this fit, we adopted priors
on the luminosity evolution parameter γP = 0.30 ± 0.15, deter-
mined through a direct analysis of the radio luminosity to stellar
mass relation as described in Section 3.2.1. The smaller MARD-
Y3 sample prefers a fit with fewer extreme, high luminosity AGN.
sources to construct the LF with a flux limit at the 100 per-
cent completeness of the SUMSS catalog as described in Sec-
tion 2.1. In this figure, we plot the background subtracted
observed counts in larger luminosity bins and in three red-
shift bins. However, this figure does not represent the fitting
method, where the observed counts are divided into much
finer luminosity bins and in 15 redshift bins (with similar
numbers of clusters in each bin) to get the model parame-
ters. We also show the best fit model and model uncertainties
from G17 in pink, where the median redshift of that sample
is z = 0.1.
The bottom panels of Fig. 6 show the ratios of the
measured LFs for both cluster samples and at different red-
shift bins to the best fit model in the lowest redshift bin in
this work. It is visually apparent that the optically selected
RM-Y3 and X-ray selected MARD-Y3 samples provide sim-
ilar radio AGN LFs over this redshift range. Because the
MARD-Y3 cluster sample is smaller, we show only two red-
shift ranges.
In the lower panels one can see some evidence of a
change in LF shape with increasing redshift. For instance,
there is a larger increase in the LF amplitude at lower lu-
minosities but for luminosity log [P/(W Hz−1)] > 1026.5, no
evolution with redshift is evident. We have not attempted
independent fits within each redshift range where all param-
eters are free to vary, simply because of the limited sizes of
our AGN samples. However, with future samples it should be
possible to further examine whether there is more evolution
at lower radio power than at higher.
Table 2 contains the best fit parameters for the LFs for
the scenarios where either pure density evolution or pure
luminosity evolution is taken into account. As expected, we
find that the measured LFs alone are insufficient to simul-
taneously constrain density and luminosity evolution in the
MCMC analysis.
The parameter uncertainties shown in Table 2 are
marginalized over uncertainties in the λ-mass relation when
RM-Y3 catalog is used and the LX-mass relation when the
MARD-Y3 sample is used. As an example, we marginal-
ize over the uncertainties in the λ-mass relation described
in Section 2.3.1 by first measuring the luminosity functions
under single parameter excursions of ± 2-σ for the λ-mass
parameters Aλ, Bλ and γλ. We then extract the derivatives
of the LF parameters y, x and γ with respect to each of the
λ-mass parameters and finally propagate the uncertainties
in the λ-mass relation to the luminosity function parameters
using Gaussian error propagation, further assuming no pa-
rameter covariance in the λ-mass relation parameters. This
is a good approximation as there are negligible degeneracies
between the parameters of the λ-mass relation (McClintock
et al. 2019). We find that the contributions to the LF pa-
rameter uncertainties from the remaining uncertainties in
the λ-mass relation are smaller than the statistical or sam-
ple size contributions to the uncertainties. Nevertheless, we
present overall combined constraints (including the system-
atics from uncertainties in λ-mass) in Table 2.
We also use the constraints on the radio luminosity evo-
lution with redshift at fixed stellar mass (Section 3.2.1), to
simultaneously constrain density and luminosity evolution.
These results are shown in the third set of results for each
sample in Table 2. Adopting the best fit value and uncer-
tainty in γPM = 0.30 ± 0.15 as a prior on the luminosity
evolution, we estimate joint parameter constraints on lumi-
nosity and density evolution parameters of the LF. Fig. 7
shows the 2-D marginalized 1-σ MCMC constraints for lu-
minosity function parameters and it reveals the significant
parameter covariance between the shape and amplitude pa-
rameters x and y, which is boosting the fully marginalized
uncertainties on each parameter.
There is a statistically significant shift in the joint space
of shape and amplitude parameters between the RM-Y3 and
MARD-Y3 samples. This shift is apparent as a ∼2σ offset
in the fully marginalized posterior of the shape parameter
x in Table 2. We expect that this difference is driven by a
steeper fall–off of the RM-Y3 sample at highest radio powers,
which then drives corresponding changes in the amplitude
due to the correlation between the shape and amplitude pa-
rameters. The MARD-Y3 sample is smaller, and the highest
luminosity portion of the LF with log [P/(W Hz−1)] > 1027
is more poorly probed than in the RM-Y3 sample, and for
that reason we restrict the fit for the smaller sample to lower
power AGN. Thus, the portion of the LF causing this ap-
parent difference between the radio AGN LF of these two
samples is only probed in one of the two samples. With fu-
ture, larger X-ray selected samples from eROSITA (Predehl
et al. 2010; Merloni et al. 2012) it should be possible to probe
these highest luminosity, rarest radio AGN more precisely
and better understand any possible differences between X-
ray and optically selected cluster samples.
The best fit density evolution parameters for the X-
ray and optically selected cluster samples are statistically
consistent, but the RM-Y3 sample suggests a more rapid
evolution. In the combined density and luminosity evolution
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Figure 8. The cluster radio AGN luminosity functions obtained
using the incomplete optically cross–matched AGN sample (Sec-
tion 3.3.2) for the RM-Y3 clusters is in the upper panel. The
ratio (lower panel) between the statistical (subscript S) (see Sec-
tion 3.3.1 and Fig. 6) and cross–matched (subscript D) LFs is
shown for three redshift bins. There is consistency for the most
luminous radio AGN (log [P/(W Hz−1)] > 25.5) where the com-
pleteness of the cross–matched sample is highest, but for lower
luminosity AGN the incompleteness increases (see Section 3.3.5).
models, the density evolution parameter for the MARD-Y3
is γD = 2.05 ± 0.66 and for the optically selected RM-Y3
is γD = 3.00 ± 0.42. Again, these uncertainties include the
underlying uncertainties in the observable mass relations for
each cluster sample.
3.3.5 Comparison with the cross–matched sample
In Fig. 8, we present the 843 MHz LFs (top panel) in dif-
ferent redshift bins, constructed using the sample of opti-
cally cross–matched radio AGN as described in Section 3.3.2.
We compare these LFs with those produced using statistical
background subtraction and for which the sample is com-
plete, as described in Section 3.3.1 and shown in Fig. 6.
On the luminous end, the LFs are in good agreement,
but at radio power log [P/(W Hz−1)] < 25.5, the LFs from
the cross–matched sample are systematically lower in am-
plitude than the statistically reconstructed LFs. Given the
estimated completeness (∼ 60 percent) and contamination
(∼ 15 percent) in the cross–matched sample (discussed in
Section 2.4), some differences are expected. As described in
Section 2.4, only the two most massive sub-classes of galaxies
(log(M∗) > 10.9) are used in this cross matching so that the
sample contamination can be kept at or below the 15 percent
level.
The fact that the LF of the cross–matched sample un-
derestimates the statistical LF mostly at the lowest radio
luminosities in each bin may well be an indication of higher
contamination and incompleteness in the lowest flux radio
bins, where sources have the largest positional uncertainties
and are therefore more likely to be cross–matched to the
wrong counterpart. Another effect that may be playing a
role is that double tail radio sources may be resolved more
effectively at lower redshift. Resolving such sources would
create two radio sources and increase the chances that both
would be cross–matched to the wrong counterpart.
The differences between the LFs calculated using the
cross–matched and the complete sample pose challenges
for field LF studies with the SUMSS sample where cross-
matching is required, but as described in Section 3.3.1 above,
for the cluster radio AGN LF one need not use a cross–
matched sample.
3.3.6 Comparison of LF redshift trends to previous results
Similar trends with redshift have been seen in previous stud-
ies of field radio AGN LFs. LFs of optically selected Quasi-
Stellar Objects (QSOs) at z ≤ 2.2 showed a luminosity evo-
lution with γP = 3.2± 0.1 (Boyle et al. 1988). Machalski &
Godlowski (2000) and Brown et al. (2001) studied a sample
of 1.4 GHz radio sources at low and intermediate redshifts
and suggested a luminosity evolution of γP = 3 ± 1 and
4± 1, respectively. In a recent study, Pracy et al. (2016) de-
rived 1.4 GHz LFs for radio AGN separated into LERGs and
HERGs. They found that the LERG population displays lit-
tle or no evolution, while the HERG population evolves more
rapidly as γP = 7.41
+0.79
−1.33 or γD = 2.93
+0.46
−0.47. HERGs have
bluer color and a weaker 4000 A˚ break, which are indications
of ongoing star formation activity. LERGs, however, appear
to be preferentially located at the centers of groups or clus-
ters and are fueled by feedback from their hot gas haloes (Lin
& Mohr 2007; Kauffmann et al. 2008; Lin et al. 2010; Best
& Heckman 2012). As presented in Section 3.2.2 above, our
sample of cross–matched hosts of cluster radio AGN show
no significant shifts in color out to z ∼ 0.8, and so presum-
ably the population we are studying with our cluster radio
AGN LF is a LERG population.
Smolcˇic´ et al. (2009) explored the cosmic evolution of
AGN with low radio powers (log [P/(W Hz−1)] < 25.7) out
to z = 1.3 and found pure density evolution γD = 1.1± 0.1
and pure luminosity evolution γP = 0.8 ± 0.1. Strazzullo
et al. (2010) carried out a multi-wavelength analysis of
Deep Spitzer Wide-area InfraRed Extragalactic Legacy Sur-
veys’ Very Large Array field (SWIRE VLA) and found
γP = 2.7± 0.3 and 3.7+0.3−0.4 for AGN and starforming popu-
lations, respectively. Similarly, McAlpine et al. (2013) stud-
ied pure density and luminosity evolution for a combined
dataset of ∼900 VLA observed galaxies in the field, find-
ing γP = 1.18 ± 0.21 and 2.47 ± 0.12 for AGN and star
forming galaxies, respectively. Janssen et al. (2012) demon-
strated that in the local Universe a sub-population of LERGs
are hosted in blue star forming galaxies, with these blue
LERGs becoming increasingly important at higher radio
power. Thus, it is possible that the contribution of such
blue LERGs increases towards higher redshifts, rendering
the initial assumption that all AGN are hosted by red pas-
sive galaxies invalid. Smolcˇic´ et al. (2017) studied a COS-
MOS sample of radio AGN at 3 GHz out to z = 5 and con-
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strained pure density evolution γD = 2.00 ± 0.18 and pure
luminosity evolution γP = 2.88± 0.34.
Also for clusters, Green et al. (2016) have shown that
at least 14 percent of BCGs show a significant color offset
from passivity in a population of 980 X-ray detected clusters
(0.03 < z < 0.5). In their table 2 and figure 16, they show
the offset to passivity as a function of X-ray luminosity of
host clusters, and they find larger fractions of galaxies with
offset from passivity in high luminosity clusters, which in
their sample are preferentially at higher redshift. For sam-
ples of X-ray and optically selected galaxy clusters, Sommer
et al. (2011), show γP = 8.19 ± 2.66 and γD = 3.99 ± 1.24,
respectively using 1.4 GHz detected radio AGN from the
FIRST survey in a redshift range of 0.1 to 0.3. They also
find a steep pure density evolution with γD = 9.40 ± 1.85
for an X-ray selected sample of galaxy clusters. In a recent
work, Bˆırzan et al. (2017) investigated AGN feedback in a
large sample of SZE selected clusters from SPT and ACT
surveys and found ∼ 7 times more SUMSS sources in z > 0.6
clusters than in the z < 0.6 sample, which they suggest may
be due to the differences in the feedback mechanisms onto
the super massive black holes (SMBHs) in the low and high
luminosity sources. In another recent work, Lin et al. (2017)
constructed the radio LFs for 1.4 GHz sources in clusters
out to z ∼ 1 and found an over-abundance of radio AGN
in clusters compared to the field population (see also Lin &
Mohr 2007; Best et al. 2007). They find that cluster galaxies
at z > 0.77 are about 1.5 to 2 times more likely to be active
in the radio compared to those in lower redshift clusters.
In comparison to these previous studies, the current work
is based on a large cluster sample that allows us to push
to higher redshifts and more importantly we present a first
analysis to constrain both density and luminosity evolution
of LFs simultaneously.
3.4 Halo occupation number (HON)
We define the halo occupation number (HON) as the average
number of background subtracted radio AGN per cluster
with log [P/(W Hz−1)] > 25.5. We estimate the HON in a
stack of RM-Y3 and MARD-Y3 clusters in various mass bins
to study the mass trends for observed cluster radio sources.
We account for the redshift trends estimated for combined
density and luminosity evolution in the previous section and
solve for the mass trends with the pivot redshift zC = 0.47.
Fig. 9 shows the HON of radio sources in RM-Y3 and
MARD-Y3 clusters, where we also show the best fit power
law of the form
NRG = AH
(
M200c
1.5× 1014
)BH ( 1 + z
1 + zC
)γD
, (11)
where NRG describes the average number of radio AGN in
a cluster with log [P/(W Hz−1)] > 25.5 and AH and BH are
the normalization and mass trend of the power law best
constrained to 0.019 ± 0.001 and 1.2 ± 0.1, respectively for
RM-Y3 sample. For the MARD-Y3 sample, we find AH =
0.021+0.013−0.010 and BH = 0.68 ± 0.34, which is consistent with
the mass trend (at 1.5σ) for the RM-Y3 sample, but also
only ∼2σ away from BH = 0. The two datasets together
suggest a trend BH ∼ 1. In fitting the relation, we adopt the
mean mass < M200c > of the clusters within each mass bin,
and we have adopted the best fit density evolution presented
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Figure 9. HONs: The mean number of radio sources with
log [P/(W Hz−1)] > 25.5 per galaxy cluster as a function of clus-
ter mass at z = 0.47 using optically selected RM-Y3 (red) and
X-ray selected MARD-Y3 (blue) clusters. The solid line is the
best fit power law model and the shaded region shows the 1-σ
model uncertainty. The extent of the shaded region shows the
range of mass used in the analysis. The plot is presented at the
pivot redshift zC = 0.47 for both cluster samples, and the red-
shift dependence is corrected using the measured redshift trend
(1+z)γD from the LF analysis, where γD is the density evolution
only result for each sample as presented in Table 2.
for the combined density and luminosity evolution model in
Table 2 for each cluster sample.
In Fig. 9, we show the data points in finer mass bins for
the RM-Y3 sample and broader mass bins for the MARD-
Y3 sample along with best fit model and 1-σ model uncer-
tainties as the shaded region around the models. The HON
for the MARD-Y3 sample tends to lie below that of the RM-
Y3 sample, but it is the number of radio AGN in the highest
mass bin that most strongly suggests differences between the
samples. We have examined this and see that if we choose
a higher luminosity cut log [P/(W Hz−1)] > 26.0 the uncer-
tainties increase but the two samples also show more similar
behavior. The two mass trends are statistically consistent,
suggesting a mass trend BH ∼ 1. This motivates our choice
of normalizing the LFs by the mass of the galaxy clusters.
Such a scaling has been suggested before (Lin & Mohr 2007),
but never with such a large sample of clusters where the sam-
ple alone could demonstrate that the probability of a cluster
containing a radio AGN above a threshold luminosity scales
roughly linearly with the cluster halo mass. We discuss this
result further within the context of our other measurements
in the following section.
We have further examined whether there is a trend
in radio AGN luminosity as a function of cluster mass.
In Fig. 10 we plot the radio AGN sample separated into
three different redshift ranges in the space of radio lumi-
nosity versus cluster halo mass. The data provide no clear
evidence for a cluster halo mass dependence of the ra-
dio AGN luminosity. Thus, the approximately linear clus-
ter halo mass dependence of the HON of radio AGN with
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Figure 10. The radio luminosities for the cross-matched cluster
radio AGN sample are plotted versus cluster halo mass. Given
that the SUMSS catalog is flux limited, we separate the sam-
ples into different redshift ranges (color coded). There is no clear
evidence for a cluster halo mass dependence on the radio AGN
luminosity.
log [P/(W Hz−1)] > 25.5 (see Fig. 9) cannot be explained by
radio AGN being more luminous in higher mass clusters.
4 DISCUSSION
In this section we use the measurements of the cluster radio
AGN properties and their evolution to z ∼ 0.8 presented in
the previous section to discuss environmental influences on
radio AGN and also to examine the radio mode feedback as
a function of mass and redshift within galaxy clusters.
4.1 Environmental influences on radio AGN
We discuss the key results of our study within the context of
past studies and then turn to possible scenarios that could
explain the trends in the cluster radio AGN we have pre-
sented.
4.1.1 Cluster Radio AGN Properties in Context
The mass trend in the radio AGN HON presented in Sec-
tion 3.4 (BH = 1.2± 0.1 for RM-Y3 and BH = 0.7± 0.3 for
MARD-Y3) is similar to that reported for cluster galaxies
as a whole. In an analysis of the near-infrared (NIR) K-
band properties of galaxies within 93 galaxy clusters and
groups using data from the Two Micron All Sky Survey
(2MASS), Lin et al. (2004) reported a mass trend param-
eter BH = 0.84 ± 0.04, indicating that in high mass galaxy
clusters there are fewer galaxies per unit mass as compared
to low mass clusters. This trend is seen to remain largely
unchanged to z ∼ 1 in a sample of SPT SZE selected galaxy
clusters (Hennig et al. 2017). The number of radio AGN per
unit cluster mass, on the other hand, increases strongly with
redshift for both of the samples studied here (γD = 3.0±0.4
and 2.1± 0.7 for RM-Y3 and MARD-Y3, respectively).
The HON mass scaling and normalization taken to-
gether with the centrally concentrated radial distribution
presented in Section 3.1, provides a picture of a cluster ra-
dio AGN population within a cluster that is dominated by
a single, radio luminous AGN lying in or near the cluster
core. These galaxies are preferentially giant, passive ellipti-
cals, and their probability of being radio loud increases with
their stellar mass (Lin & Mohr 2007; Best et al. 2007). In
Fig. 9 we can see that, as a population, these galaxies ex-
hibit a ∼10 percent probability of exceeding our adopted,
nominal radio luminosity of log [P/(W Hz−1)] > 25.5 if they
lie in a ∼ 6× 1014M cluster at z ∼ 0.5. The fact that the
probability of exceeding this threshold luminosity increases
with cluster mass suggests a relationship between the condi-
tions required for radio mode feedback and the cluster halo
mass.
One could argue that given the number of potential
galaxy hosts for a radio loud AGN scales approximately
with cluster mass (BH = 0.84 ± 0.04; Lin et al. 2004), it
may simply be that the probability of a radio AGN scales
approximately with the number of potential hosts. However,
given that the radio AGN lie preferentially in centrally lo-
cated giant ellipticals (e.g., the BCG), this argument is not
fully satisfying. There is only one BCG in each cluster, re-
gardless of the cluster mass. Post-merger scenarios where
there are multiple, similar mass BCG candidates that are
on their way to merging through the action of dynamical
friction occur both in low and high mass clusters and would
therefore not seem to explain the cluster halo mass trend we
observe.
It has been previously shown that the most massive
BCGs lie in the most massive galaxy clusters, although the
mass trend is very weak as MBCG ∼M0.26±0.04200c (Lin & Mohr
2004, note that these BCG stellar masses do not include the
intracluster light), MBCG ∼ M0.24±0.08200c (Zhang et al. 2016)
and MBCG ∼M0.4±0.1500c (Kravtsov et al. 2018). The halo mass
trend in the HON is much steeper, suggesting that either (1)
the galaxy mass dependence of a galaxy being radio loud is
extremely steep, e.g., ∝ MBBCG with B ∼ 4, which would
be inconsistent with the findings in Von Der Linden et al.
(2007, figure 8) and Lin et al. (2017, figure 16), or (2) that
the radio AGN HON mass trend is not driven by the mass
of the central galaxy alone.
The redshift trend in the HON and the density evolution
of the LF provides another interesting clue to environmental
influences on radio AGN. The host galaxy described above
in a 6× 1014M cluster at z ∼ 0.5 with a 10 percent chance
of hosting a radio AGN that exceeds our adopted radio lumi-
nosity threshold would have a corresponding probability of
∼25 percent at z ∼ 1 (equation 11). Because we know that
the HON of the full galaxy population within the cluster
virial region does not evolve with redshift (or evolves very
weakly) to z ∼ 1 (Hennig et al. 2017) and we know that BCG
mass growth is rather slow over this redshift range (1.8 to
1.2 times mass increase from z = 1 to the present; e.g,. Lid-
man et al. 2012; Burke et al. 2015), it would be difficult to
argue that the radio AGN population trends we are seeing
are related to either galaxy number or galaxy host mass. A
strong possibility is that there is an environmentally driven
effect that is connected to the cluster halo mass and that is
more efficient at higher redshift.
Another important clue is that the typical radio lumi-
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nosity at fixed host stellar mass increases only modestly with
redshift as (1+z)0.30±0.15 (Section 3.2.1). This suggests that
the radio mode events at high and low redshift are simi-
lar (see also Galametz et al. 2009; Hlavacek-Larrondo et al.
2012, and references therein), but that they are simply more
frequent within cluster halos at higher redshift. Moreover,
our samples provides no evidence that radio AGN luminos-
ity depends on the cluster halo mass.
4.1.2 Confining Pressure of the ICM
Of course, the cooling gas from the ICM could affect the
radio activity. The radio-loud fraction increases for BCGs
closest to the peak in the ICM emission. This suggests that
the availability of a fuel supply of cooling gas from the
halo environment impacts or enhances AGN activity in the
most massive galaxies (e.g. Stott et al. 2012). The emission
lines from BCGs (principally Hα) indicate the presence of a
strong cooling cluster core that has been shown to generally
host more powerful radio sources. For BCGs in line emit-
ting clusters, the X-ray cavity power correlates with both
the extended and core radio emission, suggestive of steady
fueling of the AGN in these clusters (Hogan et al. 2015).
However, there is no clear mass or redshift dependence of
the fraction of clusters with cool cores (Semler et al. 2012;
McDonald et al. 2013), so it seems unlikely that central cool-
ing of the ICM is responsible for the strong cluster halo mass
and redshift trends that we observe in the cluster radio AGN
population.
In a recent work, Lin et al. (2018) studied a sample of
2300 radio AGN at z < 0.3 to investigate the likely sources
of AGN activity in massive galaxies. They found that for
triggering the radio emission, both the stellar mass and the
dark matter halo mass play an important role in both cen-
tral and satellite galaxies. On the other hand, they found
no convincing evidence linking the elevated radio activity in
massive halos to the higher galaxy density therein. They also
found that ICM entropy, cooling time and pressure are play-
ing roles in triggering radio mode feedback. Their working
hypothesis is that stellar mass loss from evolved stars is the
source of the material accreted, and that the ICM pressure
plays a role in confining that fuel within the host galaxy,
making it more likely to be accreted.
This scenario is interesting within the context of our
results, because the ICM pressure increases strongly with
cluster mass and redshift. Moreover, central galaxies would
be preferred because the ram pressure stripping by the ICM
of the stellar mass lost from evolved stars would be much
lower or even absent in central giant ellipticals that have
small peculiar velocities. Recent ICM studies of cluster sam-
ples spanning a similar redshift range to that of our radio
AGN study have examined ICM mass fraction, ICM temper-
ature, X-ray luminosity and an integrated ICM pressure YX
(e.g. Chiu et al. 2016, 2018; Bulbul et al. 2019, and ref-
erences therein). In these studies the ICM mass fraction
is observed to increase with cluster mass and, at a fixed
mass, to remain roughly constant with redshift. The ICM
density profiles outside the central core regions have been
shown to evolve approximately self-similarly with redshift
(McDonald et al. 2013). ICM temperature increases with
cluster mass and evolves with redshift roughly self-similarly,
implying higher ICM temperatures at higher redshift for a
cluster of a given mass. Taken together, these results im-
ply a confining pressure P around the central giant ellipti-
cal that scales with mass as P ∝ M and with redshift as
P ∝ [E(z)]8/3. Without a model that connects the confin-
ing pressure to the radio mode feedback it is not possible to
comment on whether these similarly strong mass and red-
shift dependences in central confining pressure and the prob-
ability of a centrally located giant elliptical being radio loud
are pure coincidence or indicative of a physical link.
4.1.3 Mergers of Infalling Gas Rich Galaxies with BCG
Another possible scenario that appears to be consistent with
the observations would be the interaction or merger of an in-
falling galaxy that has residual star formation with a central,
giant elliptical. Such an infalling galaxy would have to be on
an approximately radial orbit, and so such events would be
expected to be rare. But the population of potential gas rich,
infalling galaxies would scale roughly as the mass of the clus-
ter and would also increase with redshift. Specifically, clus-
ters with M200 > 3 × 1014M have blue fractions that are
approximately constant as a function of cluster mass, but the
blue fractions increase with cluster redshift from 20 percent
at z ∼ 0.1 to ∼50 percent at z ∼ 1 (Hennig et al. 2017).
Thus, the number of potential merging, gas rich, infalling
galaxies increases with the cluster virial mass and also in-
creases with redshift, providing a potential explanation for
the trends we report here in the cluster radio AGN.
Studies of BCG growth and the stellar mass–size rela-
tion for quiescent galaxies over this same redshift range have
suggested that the dominant mode of growth for central gi-
ant ellipticals is through merging with low mass galaxies
(Burke et al. 2015). Another study of BCGs in 14 galaxy
clusters between z = 0.84 and z = 1.46 indicates that 3
of the 14 BCGs are likely to experience a major merger
within 600 Myr, suggesting that mergers with giant ellipti-
cals are the primary mode for BCG growth; however, the
results from this small sample do not exclude the possibility
that minor mergers could play an important role in shap-
ing how central giant ellipticals appear today (Lidman et al.
2013). In the process of merging, the gas rich infalling galaxy
would deliver its gas to the BCG. Central cluster galaxies are
known to have reservoirs of molecular gas that are detected
through their CO line emission at low redshifts (e.g. Edge
2001; McNamara et al. 2014; Temi et al. 2018; Vantyghem
et al. 2019; Rose et al. 2019) and at redshifts as high as
z = 1.7 (Webb et al. 2017). These molecular gas clouds are
observed to have line of sight velocities of the order of ∼ 200
to 300 km s−1, which would support a chaotic cold accretion
type model in BCGs (e.g., David et al. 2014; Tremblay et al.
2016). However, stronger evidence that mergers of infalling,
gas rich galaxies with central giant ellipticals are responsi-
ble for feeding and triggering the AGN accretion that leads
eventually to radio mode feedback is needed to build con-
fidence that this is a driver of the cluster AGN mass and
redshift trends observed in the current work.
We note here also that ram pressure stripping will re-
move gas from any infalling, gas rich galaxies, and this low
entropy gas will naturally sink toward the cluster center.
The supply of this low entropy, sinking gas would increase
with cluster mass because there are more infalling, gas rich
galaxies in higher mass clusters. Moreover, it would increase
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with redshift, because cluster galaxy populations within the
virial region R200c have higher blue fractions– and therefore
higher gas content– at higher redshift (e.g., Hennig et al.
2017). As with the previous scenario of merging, this sce-
nario deserves further study.
4.2 Radio AGN feedback
To make an estimate of the radio mode feedback from AGN
in clusters, we first calculate the mean total cluster radio
AGN power PRadio using our measured LF extracted from
the analysis of the RM-Y3 cluster sample (the case with
a combination of luminosity and number density evolution
presented in Table 2). We multiply the LF at a given red-
shift with the mass of the cluster of interest and integrate the
product of the radio power and the LF in the radio power
range of 1023 to 1028 WHz−1 to get the expected average
radio power at the rest frame frequency of 843 MHz. This
range of power is selected, because it is comparable to the
minimum and maximum radio powers of the radio AGN ob-
served in our sample of clusters. Moreover, this radio power
lower limit is close to that marking the transition from a
star forming dominated to an AGN dominated radio LF.
In Fig. 11, we show the mean total radio power (in col-
orbar) as a function of cluster mass and redshift. There are
roughly two orders of magnitude in dynamic range of the
mean radio power over the mass and redshift range explored
here. The mean radio power is approximately 10× higher for
1015M clusters than for 1014M, consistent with what we
would expect given the mass dependence of the halo oc-
cupation number (Section 3.4). Moreover, there is a strong
redshift dependence that leads to a similar ∼10× increase
in mean radio power for a cluster of a given mass at z = 1
in comparison to z = 0. This behavior follows from the mea-
sured redshift trends in the density evolution of the radio
LF (Table 2).
Studies of ICM cavities in ensembles of clusters contain-
ing radio galaxies (Cavagnolo et al. 2010; Hlavacek-Larrondo
et al. 2012, 2015) have demonstrated correlations between
the radio power and the amount of work done to create
the cavities in the ICM. Thus, to estimate the typical ra-
dio mode feedback in clusters as a function of redshift, we
use the mean total radio power calculated above together
with the correlation between radio power and cavity power
from Cavagnolo et al. (2010). Specifically, we take our esti-
mated 843 MHz radio power and convert it to an expected
1.4 GHz radio power using the spectral index α = −0.7 at all
redshifts. Further, we change units from W to erg s−1 and
estimate the total radio luminosity L1400 by scaling the es-
timated radio power by 1.4 GHz. We then use the Cavagnolo
et al. (2010) relation to estimate the cavity power Pcav
Pcav = 5× 1043
(
L1400
1040 erg s−1
)0.7
erg s−1. (12)
This cavity power represents an estimate of the minimum
mechanical feedback into the ICM. We calculate this esti-
mate of the radio mode feedback as a function of mass and
redshift as for the mean total radio power Pradio before.
The bulk of this radio mode feedback is concentrated in
the cluster core ( 2
3
of the cluster radio AGN in our sample
lie within 0.1R200, corresponding to the central 0.1 percent
of the cluster virial volume). To place this feedback energy
in context, we compare it to the X-ray radiative losses from
the core region. Specifically, we measure the core X-ray lumi-
nosities within 0.1R500 using and ensemble of SZE selected
galaxy clusters that have been observed with the XMM-
Newton X-ray observatory. This sample of 59 clusters with
0.2 < z < 1.5 has been studied extensively in Bulbul et al.
(2019), where both core included and core excluded quanti-
ties have been presented.
We use the measurements of the core luminosities from
that analysis together with mass and redshift measurements
for the subset of the galaxy cluster sample where the core re-
gion of interest is larger than the XMM-Newton point spread
function (PSF). The best fit core (≤ 0.1R500) X-ray lumi-
nosity to mass relation that we find is
PXray = 16.88
+1.53
−1.40 × 1044erg s−1
(
M500
Mpiv
)2.4±0.2
(
E(z)
E(zpiv)
)7/3(
(1 + z)
(1 + zpiv)
)−0.7±0.4
, (13)
where Mpiv and zpiv are 6.35 × 1014 M and 0.45, respec-
tively. In addition, we find a log normal intrinsic scatter of
0.60+0.06−0.05 in this relation, which is considerably larger than
the scatter of the total cluster X-ray luminosity to mass re-
lations presented for the same sample (∼ 0.3). This is not
surprising, because it has been long established that varia-
tions in the structure of cluster cores are the primary driver
of the scatter in the X-ray luminosity at fixed temperature
(Fabian 1994; Mohr & Evrard 1997) or mass.
We note here that this X-ray core luminosity to mass
scaling relation is constrained using clusters in the mass
range above 3 × 1014M and over the bulk of the redshift
range of interest. In the following analysis we extrapolate
this relation to 1014M to make estimates over the full mass
range where we study the cluster radio AGN LF. Moreover,
we emphasize that this is the average central X-ray luminos-
ity within a region that is a fraction of the virial region. It
is not the luminosity within a cooling radius where the ICM
is estimated to be radiatively unstable. Our goal here is to
examine typical radio mode feedback in the cluster core to
the typical X-ray radiative losses in the core.
In the right panel of Fig. 11, we show the ratio between
the estimated mean radio mode feedback and the mean X-
ray radiative losses. We find that the ratio between the radio
cavity power and the core X-ray luminosity is correlated
with the redshift of the clusters and is anti-correlated with
its mass. For instance, the ratio of the radio feedback to X-
ray radiative losses for a 1014M galaxy cluster is ∼ 2 times
larger at z ∼ 1.05 as compared to the ratio at z ∼ 0.05. On
the other hand the ratio is ∼ 50 times larger for a 1014M
galaxy cluster as compare to a cluster with mass 1015M.
While these mass and redshift trends are interesting, the
absolute value of the ratio suffers from several uncertainties.
For example, it could be shifted up or down simply by chang-
ing the radius within which we estimate the X-ray radiative
losses. Moreover, we have used the Pcav estimated from the
entire radio AGN population, whereas only ∼ 60 percent of
that population lies at ≤ 0.1R500. Finally, our estimate of
the mechanical feedback Pcav is derived using the energy re-
quired to evacuate the cavities in the ICM observed around
a sizeable number of clusters. Pcav serves as a kind of lower
limit to the actual mechanical feedback, with some authors
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Figure 11. Mean radio power at 843 MHz (left) of cluster radio AGN as a function of cluster mass and redshift calculated using the
radio LF presented in Section 3.3. On the right, we plot the ratio of the estimated mechanical feedback energy Pcav from the radio
AGN to the central X-ray luminosities (r < 0.1R500) from the ICM as a function of cluster mass and redshift (see Section 4.2) using the
relationship between feedback energy and radio power presented in Cavagnolo et al. (2010). We note that the X-ray core luminosities are
well constrained at M500 > 3× 1014M (Bulbul et al. 2019).
arguing the total feedback could be a factor of 4 to 16 times
higher (e.g., Cavagnolo et al. 2010).
Our current estimates indicate that the average radio
mode feedback within clusters is comparable to or smaller
than the average central radiative losses within 0.1R500 for
clusters with M500 & 5 × 1014 M at redshifts up to z ∼
1 that we probe here. It is within this core region where
one can identify cool core structures within the ICM and
where it is posited that the feedback from radio AGN may be
playing a crucial role in replacing the radiative losses from X-
ray emission and preventing a cooling instability or cooling
flow (e.g. Fabian 2012). Thus, in this mass range one might
expect it to be more likely for cool core structures to emerge
and for there to be no strong redshift trends. Indeed, in SZE
selected cluster samples where the selection is unaffected
by the presence or absence of cool core structures, it has
been demonstrated that there is no significant evolution in
the cool core fraction with redshift for clusters with masses
M500 > 3 × 1014M (Semler et al. 2012; McDonald et al.
2012).
At lower masses the mean mechanical feedback from
radio mode feedback is many times larger than the core ra-
diative cooling, and one might expect it to be less likely
for cool core structures to emerge. We note that cool core
systems in groups and low mass clusters have been iden-
tified in the nearby universe (Panagoulia et al. 2014), but
it is not yet clear whether this represents a lower fraction
of systems than is observed at higher masses. Moreover, in
this low mass range one might expect the excess of feed-
back energy to increase the entropy within the cluster core
and beyond, perhaps even redistributing the ICM mass and
leading to a reduction in the ICM mass fraction within the
virial region R500. In other words, the mass trend in the ra-
tio of radio mode feedback and X-ray radiative losses implies
a mass dependent ICM mass fraction for clusters over the
mass range investigated here. Moreover, this is true over the
entire redshift range studied here. In the local universe this
trend for lower mass clusters to exhibit lower ICM fractions
was first reported for a large cluster ensemble by Mohr et al.
(1999) (using emission weighted mean X-ray temperatures
as a mass proxy). More recently, this mass trend has been
demonstrated in a study from group to cluster mass scales
using the HIFLUGCS sample (see figure 2; Main et al. 2017)
and in the SPT selected cluster sample, where there is no
clear redshift trend over the full redshift range studied here
using clusters with masses M500 > 3× 1014M (Chiu et al.
2016, 2018; Bulbul et al. 2019). Thus, the measured mass
and redshift trends in the ICM mass fraction are qualita-
tively consistent with the expectations, given the measured
mass and redshift trends of the ratio of radio mode feedback
and X-ray radiative losses.
Thus, the radio LFs for clusters with M200c > 10
14M
and extending to redshift z ∼ 1 that we present here im-
ply significant mean radio mode mechanical feedback that
offsets or dominates the mean core X-ray radiative losses
for all but the most massive clusters studied here (M500 ≥
5 × 1014M). If the estimated radio mode feedback Pcav
underestimates the true radio feedback by a factor of 4 to
16, then at no mass scale would the typical, observed radia-
tive losses within 0.1R500 be important. We emphasize that
there is significant scatter σln PXray = 0.6 in the X-ray ra-
diative losses at fixed mass and redshift, and that the radio
galaxy population is rare and therefore there is significant
stochasticity in the radio mode feedback as well. We use the
measured LFs and trends with mass and redshift to examine
the stochasticity, finding that the standard deviation in the
log of the mean radio luminosity varies from σln PRadio = 0.3
for the 1015M clusters at z ∼ 1 (where radio AGN are
most abundant) to σln PRadio = 0.6 for 10
14M groups at
z ∼ 0 (where radio AGN are least abundant). These vari-
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ations in both feedback and radiative losses would lead to
the emergence of systems where cooling would dominate over
feedback and the cool cores we observe could form. Once the
cool core starts to form there is evidence of enhanced radio
mode feedback, suggesting that the cooling ICM could itself
drive new radio mode feedback (Fabian 2012, see figure 5).
5 CONCLUSIONS
We report measurements of the properties of cluster radio
AGN to z ∼ 1 employing the largest cluster ensembles ex-
tending to high redshift ever used. These properties of ra-
dio AGN include their radial distribution within the cluster,
radio luminosity evolution at fixed stellar mass, luminosity
functions (LFs) and halo occupation number (HON) above
a luminosity threshold. These measurements are made using
SUMSS selected sources observed at 843 MHz within opti-
cally selected RM-Y3 and X-ray selected MARD-Y3 cluster
catalogs that have been produced using the first three years
of DES observations and the RASS X-ray survey.
We focus on the excess population of radio sources asso-
ciated with the virial regions of these clusters. The median
redshifts of RM-Y3 and MARD-Y3 clusters are 0.47 and
0.28, respectively, and the catalogs extend to z = 0.8 and
beyond. The mass of RM-Y3 (Rykoff et al., in prep) and
MARD-Y3 (Klein et al. 2019) clusters is estimated using
the richness-mass relation from McClintock et al. (2019) and
the LX–mass relation from Bulbul et al. (2019), respectively,
where the mass ranges correspond to M200c > 1 × 1014M
and M200c > 3× 1014M, respectively.
We find that the radial profile of the sources in RM-Y3
and MARD-Y3 catalogs is highly concentrated at the center
of the cluster over the whole redshift range and is consistent
with an NFW model with concentration c ∼ 140. With this
concentration, approximately 2
3
of the cluster radio AGN lie
within 0.1R200 of the cluster centers, which are defined using
the cluster galaxies.
A study of the cross–matched hosts of the cluster
radio AGN indicates that the AGN radio luminosity at
fixed stellar mass is constant or increases only modestly as
(1+z)0.30±0.15 with redshift. The broad band colors of these
hosts are consistent with the cluster red sequence color and
remain so without any major changes over the full redshift
range (see Section 3.2). We use the luminosity evolution con-
straint to break the degeneracy in density and luminosity
evolution for the cluster radio AGN LF.
We construct the LFs assuming that the overdensity of
radio AGN toward a cluster is at the redshift of the cluster,
and we correct for the non-cluster sources by employing a
statistical background correction (see Section 3.3). We find
that at fixed cluster halo mass, the cluster radio galaxies are
more numerous at higher redshift. We find best fit redshift
trends (1+z)γ in combined density and luminosity evolution
of γD = 3.00 ± 0.42 and γP = 0.21 ± 0.15, respectively for
the RM-Y3 sample. Evolution is statistically consistent but
more gradual for the X-ray selected MARD-Y3 sample: γD =
2.05 ± 0.66 and γP = 0.31 ± 0.15. The uncertainties on the
luminosity function parameters are marginalized over the
uncertainties in the cluster observable-mass relations. Our
results provide a clear indication that density evolution with
redshift dominates over luminosity evolution with redshift in
cluster radio AGN populations.
Furthermore, we estimate the halo occupation number
for radio AGN above a fixed luminosity threshold in a stack
of RM-Y3 and MARD-Y3 clusters using the LF evolution
identified above. We show that the number of radio AGN
above a luminosity threshold scales with the cluster mass
as N ∝ MBH with BH = 1.2 ± 0.1 for the RM-Y3 sample
and with BH = 0.68 ± 0.34 for the MARD-Y3 sample, in-
dicating a relationship between the probability of a cluster
containing a radio loud AGN and the cluster halo mass. Fur-
thermore, we show that there is no compelling evidence for
a dependence of radio AGN luminosity on cluster halo mass
(see Section 3.4).
We use these measurements to inform a discussion of
the environmental influences on radio mode feedback (see
Section 4.1). We consider two scenarios, one where the con-
fining pressure of the ICM around the central giant ellipticals
is responsible for the observed radio feedback mode and an-
other where the merger of infalling, gas rich galaxies with
centrally located giant ellipticals could also lead to the mass
and redshift trends we measure in the radio AGN popula-
tion. We note also that even in the absence of merging, gas
rich galaxies will lose their gas through ram pressure strip-
ping, and this low entropy gas will sink to the cluster center,
potentially providing fuel for radio mode accretion.
We go on in Section 4.2 to use the radio AGN LF to esti-
mate the radio mode feedback as a function of mass and red-
shift out to z ∼ 1 and compare that to the mean core X-ray
radiative losses from the ICM at each mass and redshift. The
radio mode feedback dominates the core radiative losses in
low mass systems and is comparable to or smaller than those
radiative losses for systems with M500 > 5 × 1014M over
the full redshift range. We note the imbalance of radio mode
feedback and X-ray radiative losses is qualitatively consis-
tent with what one would expect to explain the absence of
redshift evolution of the cool core population and the trend
of increasing ICM mass fraction with mass observed within
clusters over the same mass and redshift range.
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